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formed when the phosphatidylethanolamine has at least one unsaturated fatty acid. The stoichiometry of the
complexes was 2.0 ﬂuid phospholipids per glucosylceramide with C22/24 N-acyl chains and 1.8 with C-12
chains. Saturated molecular species of phosphatidylethanolamines were immiscible with glucosylceramide.
The complexes formed with unsaturated phosphatidylethanolamines and glucosylceramide are stable above
physiological temperatures. A putative role of these matrices in membrane rafts is considered.phosphatidylcholine; GlcCer,
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Our knowledge of the detailed structure of biological membranes
is at a stage where it is possible to describe structure–function rela-
tionships in molecular terms. Thus the lipid bilayer does not simply
act as a barrier to the diffusion of solutes but individual lipids are dis-
tributed asymmetrically across the bilayer and are organized into
lateral domains by dynamic and speciﬁc interactions between the
components. It is through these interactions that many membrane
functions are executed. Thus dissipation of the gradient preserving
phosphatidylserine on the cytoplasmic surface of apoptosing cells
acts as an external “eat me” signal to macrophages [1]. Lateral orga-
nization of lipids, on the other hand, are said to function in transduc-
tion of membrane signals, membrane trafﬁcking and differentiation
and is associated with endo- and exocytotic processes [2–5]. There
is now abundant evidence that lateral domains of lipids, referred to
as membrane rafts are important elements in signaling processes
by serving as platforms upon which lipid and protein components
are assembled in a manner that brings appropriate components into
functional association [6,7].
Lipid rafts are believed to be formed by interactions between choles-
terol and sphingolipids which form a, so called, liquid-ordered phase[8,9]. This bilayer phase has properties intermediate between a gel
and a ﬂuid phasewhich segregates into discrete domains that are envis-
aged to act as dynamic organizing centers for raft-associated proteins
[10]. Liquid-ordered domains of sphingomyelin and cholesterol have
commanded most attention in this respect and both lipids are located
on the outer leaﬂet of the plasma membrane and are prominent lipids
present in isolated membrane rafts [11]. It has been shown that
cholesterol–sphingomyelin complexes that form the liquid-ordered
phase consist of an array of cholesterol molecules surrounded by 7
lipid hydrocarbon chains each of which is in contact with, on average,
two cholesterol molecules [12]. The precise molecular arrangement of
the complex is altered by the type and proportion of sphingolipids
that comprise the complex. A case in point is the substitution of cer-
amide for sphingomyelin which has both structural and biochemical
consequences pointing to themolecularmechanismof ceramide signal-
ing in membranes [13–15].
Glycosphingolipids are also conspicuous components of membrane
rafts. A characteristic feature of these glycosphingolipids is the long
chain (C22–24) fatty acids N-linked to the long-chain sphingoid base.
The homeostatic mechanisms regulating ceramide biosynthesis are the
responsibility of Orm proteins which respond to appropriate levels of
sphingolipids by acting as dynamic negative regulators of the key en-
zyme in synthesis of the long-chain base, serine palmitoyltransferase
[16]. N-acylation of the long-chain base to form the ceramide is catalyzed
by enzymes coded by a family of Lass genes (CerS1–6) each speciﬁc for
substrate fatty acyl-CoA of particular chain length; CerS2 is largely
responsible for producing the C22–24 molecular species [17]. Recent
attention has been devoted to considering the signiﬁcance of the length
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pids in mediation of trans-membrane signaling processes [18] and
their consequences in a variety of neurodegenerative diseases and
conditions [19].
Less attention has been given to lipid domain structures in the cy-
toplasmic leaﬂet of cell membranes where glycosphingolipids are said
to be less abundant and the dominant lipids are acidic phospholipids
such as phosphatidylserine and phosphatidylethanolamine. The cyto-
plasmic leaﬂet contains glucosylceramide (GlcCer)which is synthesized
at the cytoplasmic leaﬂet of Golgi membranes and translocated in the
form of soluble protein complexes by glycolipid transfer protein [20]
and phosphatidylinositol 4-phosphate adapter protein-2 [21] to the cy-
toplasmic leaﬂet of the endoplasmic reticulum and the plasma mem-
brane [22,23]. About half of the GlcCer remains on the cytoplasmic
leaﬂet and the rest is translocated to the cell surface [21]. The glucosyl-
ceramide is presumably targeted to the plasma membrane by an
enrichment of the cytoplasmic leaﬂet with the signature glycopho-
spholipid, PtdIns4-P, in a metabolic pool distinct from that of PtdIns
(4,5)P-2 in this membrane [24]. Acidic phospholipids are also found
abundantly in membrane rafts and these are conﬁned to the cyto-
plasmic leaﬂet by the action P-4 ATPases catalyzing aminophospho-
lipid translocation and which may also be involved with assembly
of raft matrices [25].
In the present study I use synchrotron X-ray powder diffraction
methods to show that interactions between phosphatidylethanol-
amines and glucosylceramide generate molecular complexes. The stoi-
chiometry of the complexes is about 2 ﬂuid phospholipid molecules
per glucosylceramide and they are stable well above physiological
temperatures. Detailed examination of different binary mixtures of
the two lipids showed that only unsaturated, including, trans unsat-
urated, phospholipids form complexes; saturated molecular species
are completely immiscible with the glycosphingolipid. The structure
of these complexes is said to provide a relatively precisemolecular scaf-
fold for assembly of functional raft components on the cytoplasmic leaf-
let of the plasma membrane.2. Materials and methods
2.1. Sample preparation
Phosphatidylethanolamines (PE) used in the study were 1,2-
dilauroyl-sn-glycero-3-phosphoethanolamine (DLPE; 580 Da); 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE; 636 Da);
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE; 692 Da);
1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE; 744 Da); 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE; 718 Da);
1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (SOPE; 746
Da); 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphoethanolamine (OPPE;
718 Da); D-glucosyl-ß-1,1′N-lauroyl-D-erythro-sphingosine (C-12GlcCer;
644 Da) were purchased from Avanti Polar Lipid, Alabaster, and used
without further puriﬁcation. Natural ceramideβ-D glucoside (glucocereb-
roside; GlcCer) extracted from the spleen of patients with Gaucher's
disease was purchased from Matreya (Pleasant Gap, PA). GlcCer
was N98% pure as judged by thin layer chromatography and the
mean molecular weight is 812 g/mol. GlcCer obtained from this
source consists mostly of a mixture of saturated, long acyl chains
principally of lengths C-22 and C-24 [26]. GlcCer dissolved in chloro-
form/methanol (2/1, v/v) and phosphatidylethanolamines dissolved
in chloroform were mixed in the desired proportions and dried
under a stream of oxygen-free dry N2. Any remaining traces of
solvent were removed by storage under vacuum at 20 °C for
16 h. The dry lipids were hydrated with distilled water to give a
dispersion of 25 wt.% lipid. The hydrated lipid samples were ther-
mally cycled several times between −20 °C and 90 °C and vortex
mixed to ensure homogeneous dispersion. The samples were storedat −20 °C and equilibrated for 5 h at 20 °C prior to transfer to the
sample cells for X-ray diffraction examination.
2.2. Synchrotron X-ray diffraction methods
X-ray diffraction measurements were performed on beam-line
16.1 at the Daresbury Laboratory and BL40B2 at Spring8. The X-ray
wave-length for the Daresbury experiments was 0.141 nm with a beam
geometry of ~0.5×3 mm in a mica sandwich cell with a surface of
2×5mmand a path length of 0.5 mm. Simultaneous SAXS andWAXS in-
tensitieswere recorded so that a correlation could be establishedbetween
the mesophase repeat spacings and the packing arrangement of acyl
chains. The SAXS intensity was recorded using a quadrant detector giving
a 1D scattering intensity proﬁle of the powder pattern. The sample to
SAXS detector distance was 1.5 m and calibration of d-spacings was per-
formed using silver behenate (d=5.838 nm). The WAXS intensity
was recorded with an INEL (INstrumentation ELectronique, France) de-
tector. Wide-angle X-ray scattering intensity proﬁles were calibrated
using the diffraction peaks fromhigh-density polyethylene [27]. Themea-
surement cell was mounted on a programmable temperature stage (Lin-
kam, Tadworth, UK) and the temperature was monitored by a
thermocouple inserted directly into the lipid dispersion (Quad Service,
Poissy, France). The set-up, calibration and facilities available on Station
16.1 are described comprehensively in the website; http://www.
webarchive.org.uk/wayback/archive/20081018081841/, http://www.
srs.ac.uk/srs/stations/station16.1.htm. Data collected at Spring8 was
used to conﬁrm phase assignments. An X-ray wave-length of 0.1 nm
and a camera length of 400 mm were employed. Image plates were
used to record the scattering intensity data. The sample environment, cal-
ibration and data processing were the same as that employed in the Dar-
esbury experiments.
2.3. Analysis of X-ray diffraction data
The small-angle X-ray scattering-intensity proﬁles were analyzed
using standard procedures [28]. Polarization and geometric correc-
tions for line-width smearing were assessed by checking the symme-
try of diffraction peaks in the present camera conﬁguration using a
sample of silver behenate. The orders of reﬂection could all be ﬁtted
by Gaussian+Lorentz symmetrical (Voigt) functions with ﬁtting co-
efﬁcients greater than R2=0.99 (PeakFit 4.12, Systat software). Data
reduction and analysis were performed using Originpro8 software
(OriginLab Corp., Northampton, MA, USA). Deconvolution is consis-
tent with the sample to detector distance used [29]. Peak ﬁtting of
Voigt functions to the ﬁrst-order lamellar Bragg reﬂections and the
wide-angle scattering bands was as described in the Supplementary
Information of an earlier publication [30].
Spatial resolution of bilayer structures, taken to be Bragg spacing di-
vided by the index of the highest detectible diffraction order, is known
to be a measure of the widths of the distribution of constituents of the
unit cell rather than the spatial separation of the distributions [31]. The
parameter used to describe peak shape, amplitude/full width at half
maximum amplitude, is therefore a measure of the relative order
of the lipids constituting the bilayer repeat. Using the present peak
ﬁtting methods it is possible to distinguish positions of Bragg peaks in
coexisting bilayer structures with a precision of at least 0.01 nm.
3. Results
3.1. Pure GlcCer
The structure and thermotropic phase transition behavior of an
aqueous dispersion of GlcCer was examined ﬁrst. Four orders of a
lamellar reﬂection were observed in a sample equilibrated at 20 °C
with a d-spacing of 5.0 nm and a scattering band in the WAXS region
that can be resolved into a broad and a sharp peak of approximately
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heating at 2°/min there is a transition of the gel phase to a ﬂuid phase
bilayer indicated by a disappearance of the sharp component of the
WAXS peak and its replacement by a symmetrical broad band centered
at 0.435 nm. The structural changes in the region of the transition are
presented in Fig. 1. This shows an overview of the scattering intensity
proﬁles in the SAXS and WAXS regions (Fig. 1A), lamellar d-spacings
(Fig. 1B) and scattering intensities of the bilayer structures (Fig. 1C) in
the temperature range of the transition. The mid-point of the structural
transition seen also from theWAXS d-spacings (Fig. 1D) and scattering
intensities of the sharp and broad peaks (Fig. 1E) is 73 °C. This compares
with a mid-point transition temperature of 83 °C determined from
calorimetry [32]. The calorimetric transition, however, is broad and
spans an onset temperature of 73° to a completion at 86 °C whereas
the structural transition observed from the X-ray scattering data
takes place over only 3°. There were no structural changes corre-
sponding to the exothermic transition in the temperature region
around 60 °C to indicate an Lc to Lβ phase transition. This conﬁrms
that the lipid was thermally equilibrated at the start of the scan.
The Lα phase at 90 °C had a lamellar d-spacing of 4.62 nm and aFig. 1. Structural changes in GlcCer during transition from gel to ﬂuid phase. A. X-ray scatte
during a heating scan from 20 to 90 °C at 2 °C/min. B. Lamellar d-spacings and C. scattering
Bragg reﬂections. D. WAXS d-spacings and E. scattering intensities of WAXS peaks. ○ and ●
perature region of the phase transition.broad chain spacing peak centered at 0.44 nm. A similar study
was made of the synthetic C-12 GlcCer (data not shown) and a
gel to liquid-crystal phase transition was observed at 76 °C.
3.2. Saturated molecular species of PE
The structures of codispersions of GlcCer with different molecular
species of phosphatidylethanolamines were investigated in binary
mixtures comprised of about 30 mole GlcCer per 100 mole phospha-
tidylethanolamine. The effect of saturated chains was examined ﬁrst
by comparing the structural properties of binary mixtures of GlcCer
with DLPE, DMPE and DPPE. Thermotropic structural changes in an
aqueous dispersion of a binary mixture of DPPE and GlcCer are shown
in Fig. 2. The overview of the scattering intensity proﬁles in the SAXS
and WAXS regions (Fig. 2A) indicates a transition in a sharp lamellar
peak coincidingwith the disappearance of a sharpwide-angle reﬂection
indicating a gel to liquid-crystal phase transition. This transition is
seen as a decrease in lamellar d-spacing of the dominant (Fig. 2D)
sharp peak (Fig. 2C) from about 6.3 to 5.5 nm over the temperature
range 63° to 65 °C (Fig. 2B). This is in agreement with the structuralring proﬁles in the SAXS (left) and WAXS (right) in the temperature range of 68–78 °C
intensity of the ﬁrst-order Bragg reﬂections; □, total scattering intensity of ﬁrst-order
refer to two coexisting structures deconvolved from the SAXS/WAXS peaks in the tem-
Fig. 2. Structural transitions in an aqueous dispersion of a binary mixture of DPPE and GlcCer in molar proportions of 100:28.1 recorded during a heating scan from 30° to 90 °C at
2°/min. A. X-ray scattering intensity proﬁles in the SAXS (left) and WAXS (right) regions. B. Lamellar d-spacings; C. Amplitude of ﬁrst-order lamellar Bragg peaks/FWHM; D. Scat-
tering intensities of ﬁrst-order lamellar peaks; E. Amplitude of WAXS peaks/FWHM; F. d-spacings of WAXS peaks. Peak assignments of lamellar structures; ●, DPPE; ◊, GlcCer-rich
bilayers; ▲, Δ, non-lamellar structure. □, total scattering intensity of ﬁrst-order Bragg reﬂections.
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phase transition at a temperature of 64 °C [33]. These parameters
are different from those of a transition from sub-gel to ﬂuid transi-
tion in which the d-spacing of the sub-gel structure is only 5.6 nm
and the temperature of the transition is 66 °C and consistent with
the single sharp WAXS peak (Fig. 2E) at a d-spacing of about
0.405 nm (Fig. 2F). The broad lamellar structure that coexists with
the bilayers of pure DPPE is assigned as GlcCer-rich bilayers. The
peak position is difﬁcult to establish because the peak is relatively
broad but the d-spacing varies between 6.2 and 5.6 nm during heat-
ing from 30° to 78 °C where it can no longer be detected. Multiple
peaks appear at 80 °C and these peaks index a non-lamellar struc-
ture. The transition of pure DPPE from Lα to HII structure takes
place at about 120 °C [34]. The reduction in temperature by 40° of
this transition in the presence of GlcCer indicates that the two lipids
may mix when the GlcCer is transformed from a gel to a ﬂuid bilayer; a
tendency of GlcCer to induce non-lamellar structures in POPE has
already been reported [35].
The results of a heating scan between 10° and 90 °C of a binary mix-
ture of GlcCer with DLPE are presented in Fig. 1S of the Supplementary
Information. Three orders of coexisting lamellar repeat structures are
seen in the SAXS region. An analysis of the ﬁrst-order Bragg reﬂections
show that a sharp peak corresponding to a d-spacing of about 4.65 nm
appearing throughout the temperature scan dominates the scattering
intensity proﬁle. This structure is assigned as bilayers of pure DLPE.
Characteristic Bragg peaks in the WAXS region consisting of two sharppeaks with d-spacings of 0.394 and 0.376 nm and two broader peaks
at d-spacings of 0.442 and 0.518 nm, respectively are almost identical
to aqueous dispersions of pure DLPE in Lβ2 structure [36]. This structure
reportedly has a bilayer repeat of 4.55 nm and WAXS peaks of
similar d-spacings and relative intensities and is transformed to a
lamellar liquid-crystal phase at 43 °C. The lamellar liquid-crystal
phase is characterized by a repeat d-spacing of 4.55 nm and a single
broad diffraction band centered at 0.43 nm, again with structural
parameters in agreement with the pure phospholipid [36]. Another
minor lamellar peak is observed at a d-spacing of 3.981 nm which
disappears upon heating above about 34 °C; this is analogous to
DLPE in Lβ1 structure which transforms via Lβ2 structure to Lα at this
temperature [37]. The relatively broad lamellar reﬂection at a d-spacing
of about 6.1 nm is assigned as a GlcCer-rich bilayer structure in gel
phase which transforms into a liquid-crystal phase at a temperature
(74 °C) close to that of pure GlcCer. The lamellar d-spacing in the
GlcCer-rich structure, it should be noted, is 0.9 nm greater in the binary
mixture than observed in the pure lipid and this may reﬂect an inﬂu-
ence of the proximity of the pure phospholipid to the GlcCer structures.
Additional experiments were performed with binary mixtures of
DMPE and GlcCer (Fig. 2S of the Supplementary Information). In a
sample equilibrated at 20 °C coexisting lamellar structures can be
deconvolved during an initial heating scan from 20° to 90 °C which
undergo transitions at temperatures of about 50° and 70 °C. A sharp
decrease in one of the lamellar d-spacings from 5.76 to 5.19 nm be-
tween 48° and 50 °C with a mid-point of 49.2 °C coincides with the
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[38]. Another minor lamellar phase with a d-spacing of about 6.25 nm
is observed during the heating scan up to about 50 °C and this is also
assigned to DMPE. A transient lamellar structure is present in the tem-
perature range of 38° to 46 °C indicating that a transition from sub-gel
to gel phase takes place prior to the main transition from gel to liquid-
crystal phase. A single sharp peak in the WAXS region at a d-spacing
of 0.405 nm indicates that the phospholipid is mostly in the gel rather
than the sub-gel phase. DMPE in the subgel phase is reported to trans-
form to gel phase before transition to ﬂuid phase at a temperature
slightly below the reported transition temperature of 56 °C [37]. A la-
mellar structure characterized by a broad peak located at a d-spacing
of about 6 nm at 20 °C progressively decreases to a d-spacing of 5.5 nm
at 70 °C whereupon the peak sharpens and shifts to a d-spacing of
about 4.9 nm. This structure is assigned as bilayers enriched in GlcCer
the amount of which appears to decrease with increasing temperature.
Heating above 70 °C clearly indicates phase separation of DMPE and
GlcCer to produce coexisting bilayers of pure DMPE and GlcCer at tem-
peratures above the main gel to liquid-crystal phase transition (Tm) of
the GlcCer.Fig. 3. Structural transitions in an aqueous dispersion of a binary mixture of DEPE and GlcCe
min. A. X-ray scattering intensity proﬁles in the SAXS (left) andWAXS (right) regions. B. Lam
intensities of lamellar peaks; E. Amplitude of WAXS peaks/FWHM; F. d-spacings of WAXS p
lamellar structure. □, total scattering intensity of ﬁrst-order Bragg reﬂections.3.3. Unsaturated molecular species of PE
To investigate the effect of unsaturated fatty acyl derivatives of
phosphatidylethanolamines aqueous dispersions of DEPE with GlcCer
were examined ﬁrst (Fig. 3). An overview of the scattering intensity
proﬁles in the SAXS and WAXS regions is shown in Fig. 3A. Two co-
existing bilayer structures can be deconvolved from the SAXS intensity
proﬁles in temperatures up to about 59 °C whereupon a non-lamellar,
possibly hexagonal-II, structure appears. The lamellar structure coexists
with the non-lamellar structure up to about 73 °C abovewhich the non-
lamellar structure predominates up to the end of the scan. The sharp
Bragg reﬂections (Fig. 3C and E) at small (Fig. 3B) and wide angles
(Fig. 3F) in the temperature range of 20° to 38 °C index a lamellar struc-
ture with a d-spacing and temperature range almost identical with that
of aqueous dispersions of pure DEPE in gel phase [39]. This structure is
reported to have a bilayer repeat of 6.5–6.7 nm and a single sharp
WAXS d-spacing of about 0.4 nm. This transforms into a lamellar liq-
uid-crystal phase at 38 °C evidenced by the replacement of the sharp
WAXS peak with a broad scattering band at smaller angles. The struc-
ture of the Lα phase of pure DEPE and the thermal characteristics of itsr in molar proportions 100:30.5 recorded during a heating scan from 20° to 90 °C at 2°/
ellar d-spacings; C. Amplitude of ﬁrst-order lamellar Bragg peaks/FWHM; D. Scattering
eaks. Peak assignments of lamellar structures; ●, DEPE; ◊, GlcCer-rich bilayers; Δ, non-
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the mixture with GlcCer. The lamellar structure with repeat spacings of
around 6.1 to 6.3 nm observed throughout the temperature range up to
63 °C is assigned as a GlcCer enriched phase. The relative proportion of
the GlcCer-rich phase, as judged by the respective scattering intensity
(Fig. 3D), is greater than the amount of GlcCer in themixture indicating
that the structures formed are comprised of both GlcCer and DEPE.
An analysis of a mixture comprised of 29.5 mol GlcCer and 100 mol
POPE subjected to a temperature scan from 20° to 90 °C is presented in
Fig. 4. The overview of the SAXS/WAXS intensity proﬁles (Fig. 4A)
shows two co-existing bilayer structures up to temperatures of 63 °C
above which a non-lamellar structure is formed. The non-lamellar
structure has been characterized in this system and consists of cubic
phase indexed as a Pn3m space group [35]. This contrasts with the ther-
motropic transition of aqueous dispersions of pure POPE inwhich the Lα
structure transforms into hexagonal-II structure at about 72 °C [39] sug-
gesting that GlcCer destabilizes the ﬂuid bilayers. The lamellar spacings
of pure POPE is reported to decrease from6.3 nmat 20 °C [40] to 5.3 nm
at 30 °C [41] with a midpoint transition of 26 °C [42] and a lamellar to
hexagonal transition of around 71 °C [43]. The lamellar structure in
the binary mixture of POPE and GlcCer with a sharp peak (Fig. 4C) of
d-spacing of 6.37 nm at 20 °C transforming to a lamellar structure
with a d-spacing of 5.50 nm at 35 °C (Fig. 4B) can be assigned as pure
POPE on the basis of lamellar repeat spacings and lamellar gel toFig. 4. Structural transitions in an aqueous dispersion of a binary mixture of POPE and GlcCe
2°/min. A. X-ray scattering intensity proﬁles in the SAXS (left) and WAXS (right) regions. B.
tering intensities of lamellar peaks; E. Amplitude of WAXS peaks/FWHM; F. d-spacings of W
Δ, non-lamellar structure. □, total scattering intensity of ﬁrst-order Bragg reﬂections.lamellar liquid-crystal phase transition temperature of 26 °C. This is
consistent with the temperature of the disappearance of the sharp
WAXS peak at 0.412 nm and its replacement with a broad scattering
band at around 0.42 nm (Fig. 4E and F). The lamellar structure with a
d-spacing decreasing from 6.1 to 5.9 nm during heating from 20° to
60 °C can be assigned as a GlcCer enriched structure. The relative scat-
tering intensity of this structure indicates that POPE is a component of
the structure in both the gel and ﬂuid phases of the phospholipid.
The structure and thermotropic phase behavior of a binary mix-
ture consisting of 28.7 mol GlcCer and 100 mol SOPE were similar to
that of the binary mixture containing the POPE molecular species.
The SAXS/WAXS intensity proﬁles (Fig. 5A) show two coexisting la-
mellar structures during the heating scan up to about 65 °C above
which they are replaced by a cubic phase. The sharp lamellar Bragg
peak (Fig. 5C) undergoes a decrease in lamellar d-spacing from 6.62
to 5.88 nm at mid-point temperature of 30 °C (Fig. 5B) which coin-
cides with disappearance of a sharp WAXS peak (Fig. 5E) located at
a spacing of 0.41 nm (Fig. 5F). Based on the temperature [42] and
structural parameters [44,45] of the gel to liquid crystal phase transi-
tion of aqueous dispersions of pure SOPE the sharp SAXS lamellar
peaks can be assigned as bilayers of SOPE. The broad SAXS peak con-
tributing to about half the total scattering intensity (Fig. 5D) at tem-
peratures both below and above Tm of SOPE can be assigned as
bilayers containing GlcCer and SOPE.r in molar proportions of 100:29.5 recorded during a heating scan from 20° to 90 °C at
Lamellar d-spacings; C. Amplitude of ﬁrst-order lamellar Bragg peaks/FWHM; D. Scat-
AXS peaks. Peak assignments of lamellar structures; ●, POPE; ◊, GlcCer-rich bilayers; ▲,
Fig. 5. Structural transitions in an aqueous dispersion of a binary mixture of SOPE and GlcCer in molar proportions of 100:28.7 recorded during a heating scan from 10° to 90 °C at
2°/min. A. X-ray scattering intensity proﬁles in the SAXS (left) and WAXS (right) regions. B. Lamellar d-spacings; C. Amplitude of ﬁrst-order lamellar Bragg peaks/FWHM; D. Scat-
tering intensities of lamellar peaks; E. Amplitude of WAXS peaks/FWHM; F. d-spacings of WAXS peaks. Peak assignments of lamellar structures; ●, SOPE; ◊, GlcCer-rich bilayers; Δ,
non-lamellar structure. □, total scattering intensity of ﬁrst-order Bragg reﬂections.
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acyl residue at the sn-1 of the glycerol moiety of PE an aqueous dis-
persion of a binary mixture comprised of 29.3 mol GlcCer per
100 mol OPPE was examined. The results are presented in Fig. 4S of
the Supplementary Information. In a heating scan from 20° to 90 °C
the SAXS peaks can be deconvolved into two co-existing bilayer
structures up to about 70 °C above which a non-lamellar structure ap-
pears and progressively dominates the phase structure. The sharper
of the two peaks undergoes a structural transition in which the lamel-
lar d-spacing decreases from 6.4 nm to 5.6 nm at a temperature of
36 °C. The transition in the SAXS d-spacing coincides with a disap-
pearance of a sharp peak centered at 0.41 nm in the WAXS region in-
dicating that the transition is a gel to liquid-crystal phase transition.
There are no published data on the phase structure or transition be-
havior of OPPE but based on a comparison of sharp decrease in lamel-
lar d-spacings and gel to liquid-crystal phase transition temperatures
of closely related molecular species of PE it is a reasonable assump-
tion that the sharp Bragg peaks originate from bilayers of pure
OPPE. A broad lamellar peak that contributes approximately equally
to the total scattering intensity and is present up to 70 °C in the heat-
ing scan can be assigned as bilayers containing both GlcCer and OPPE.
3.4. N-acyl chain length
The mixtures of PE and GlcCer described above were all performed
with glycosphingolipid extracted from the spleen of patients with
Gaucher's disease which is characterized by N-acyl chain lengths of22–24 carbons. The inﬂuence of chain length was investigated in bi-
nary mixtures of POPE with synthetic GlcCer with a C-12 N-acyl
chain and an analysis of the results is presented in Fig. 6. The scatter-
ing intensity proﬁles of the ﬁrst-order lamellar Bragg spacings of bi-
nary mixtures of POPE containing different proportions of C-12
GlcCer at 37 °C is shown in Fig. 6A. The relatively sharp peak of pure
POPE centered at 5.3 nm is seen in all the binary mixtures and the as-
signment was conﬁrmed by observing a transition in both SAXS and
WAXS regions from a gel to a liquid-crystal structure at 26 °C in heat-
ing scans at 2°/min. The broad peak also centered at about 5.3 nm dif-
fers from the relatively sharp peak of pure C-12 GlcCer at 4.9 nm and
is assigned as comprised of both lipids. This is consistent with the
change in relative scattering intensity of the pure POPE peak com-
pared to that of the broad peak. This is illustrated in the relationship
between the relative scattering intensity of the POPE structure and
the mass fraction of C-12 GlcCer in the mixture (Fig. 6B). A straight
line (y=107−268x; R2=0.9) ﬁtted to the data intercepts the x-
axis at a mass fraction of C-12 GlcCer of 0.38 giving a composition
of 1.75 mol POPE/mol C-12 GlcCer. This indicates that molecular com-
plexes are formed between unsaturated molecular species of PE and
GlcCer with N-acyl chain lengths ranging from 12 to 24 carbons in
length.
3.5. Partial phase diagram
The construction of phase diagrams of mixtures comprised of
GlcCer obtained from the tissue extract with PEs is of limited value
Fig. 6. Assignment of Bragg peaks in binary mixed aqueous dispersions of C-12 GlcCer and POPE. A. Scattering intensity proﬁles of ﬁrst-order lamellar repeat spacings comprised of
the indicated proportions of the two lipids recorded at 37 °C. B. Relationship between the relative scattering intensity of the sharp Bragg reﬂection and the mass fraction of C-12
GlcCer in the binary mixtures.
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molecular species thereby conferring an invariably large and unspeci-
ﬁed number of degrees of freedom on the system. However, the bina-
ry lipid mixture of C-12 GlcCer and POPE is not subjected to such
constraints and a partial phase diagram of this system in excess
water is presented in Fig. 7. This shows that in proportions of GlcCer
in POPE up to 40 mol% a complex of the two lipids coexists with bila-
yers of POPE at temperatures up to about 60 °C. The complex dissoci-
ates at this temperature and coexistence of structures assigned as
POPE in the ﬂuid state and GlcCer in the solid state are present at
higher temperatures. Phospholipid in excess of that forming the com-
plex with GlcCer undergoes a transition from the gel to the ﬂuid state
at 26 °C.
3.6. Composition of GlcCer-rich bilayers
The composition of structures deconvolved from binary mixtures
can be obtained on the assumption that at least one set of lamellarFig. 7. Partial phase diagram of a binary mixture of C-12 GlcCer and POPE in excess
water.Bragg peaks is comprised of pure PE and secondly, that scattering in-
tensity of the ﬁrst-order lamellar peak is proportional to the mass of
lipid present in the structure. Each of the X-ray powder patterns
recorded from binary mixtures of PE containing about 30 mol
GlcCer/100 mol PE had at least one Bragg reﬂection with lamellar re-
peat spacings consistent with published values for d-spacings of the
pure PE. Furthermore, changes in these d-spacings coincide with
order–disorder transitions observed in the WAXS region and with
published Tm values obtained from calorimetric and other biophysi-
cal measurements. The only exception is OPPE for which there is ap-
parently no data available but the parameters derived from the
diffraction experiments are in accord with results obtained from the
other molecular species of PE examined. The second assumption is
due to the relationship between scattering intensity and the precise
position of individual d-spacings on the Fourier transform of the elec-
tron density proﬁle. Since differences in d-spacings, in general, are
less than 1 nm errors in scattering intensities between different la-
mellar structures will not signiﬁcantly affect the results. This assump-
tion is validated by using a method for calculating the stoichiometry
that does not rely on differences in d-spacings (Figs. 5S and 6S) and
Table 1S of the Supplementary Information.
To conﬁrm the assignments of the relatively sharp Bragg peaks in
binary mixtures as originating from PE an examination of binary mix-
tures containing varying proportions of GlcCer up to 40 mol/100 mol
POPE was undertaken. The relative scattering intensity of the sharp
peak was directly related to the mass fraction of POPE in the mixture.
From a plot of the scattering intensity of the sharp peak as a function
of the mass fraction of GlcCer in mixtures containing up to 30 mol
GlcCer/100 mol POPE a stoichiometry of 2.06 mol POPE/mol GlcCer
in the broad peak could be derived (see Fig. 5S of the Supplementary
Information). A similar analysis has been undertaken for mixtures
where the phospholipid is in the gel state and the stoichiometry
was found to be 1.5 mol POPE/mol GlcCer (Fig. 6S of the supplemen-
tary Information). In mixtures where not all the PE is present in peaks
assigned to the pure phospholipid on the above criteria the difference
is assumed to partition into bilayers of GlcCer. Evidence supporting
this assumption in the case of mixtures with POPE is that the intensity
of the peak assigned to the GlcCer-rich structure increases above that
predicted according to the mass of GlcCer in the mixture by an
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the pure phospholipid.
It is noteworthy that the lamellar d-spacing of pure GlcCer is smal-
ler than that observed for the GlcCer-rich structure in binary mixtures
with all the molecular species of PE examined irrespective of whether
or not there is a loss of phospholipid from the peak assigned as pure
PE. The width of Bragg peaks is related to the molecular order within
the unit cell. The index of peak width used in the present analysis is
amplitude/full width at half maximum intensity of the ﬁrst-order re-
ﬂection. Mixture of GlcCer with PE results in a disordering of the unit
cells of the GlcCer structures irrespective of whether a molecular
complex is formed or not. This can be seen from values obtained for
GlcCer-rich structures in binary mixtures with PE at temperature of
5° below and above Tm of PE shown in Table 2S of the Supplementary
Information. Pure GlcCer has relatively ordered unit cells compared
with pure POPE as judged by the peak shape parameter. The peak
shape parameter decreases by more than an order of magnitude in
binary mixtures of both saturated (DMPE) and unsaturated (POPE)
phospholipids indicating that disordering of the unit cells is due to
the presence of PE and not the formation of a complex. It is notewor-
thy that in the reheated mixture with DMPE the unit cells of GlcCer
structure are signiﬁcantly more ordered than in the mixture equili-
brated at 20 °C consistent with the reduced inﬂuence of the DMPE.
Taken together, lamellar d-spacings and peak shape parameters sug-
gest that GlcCer-rich structures are distributed in small domains in
close association with domains of pure PE during equilibration and
that these domains coalesce upon heating the dispersion.Fig. 8. Relative electron densities through the lamellar unit cells of multilayer dispersions of
structure coexisting with ﬂuid bilayers of DMPE at 37 °C. (D) Complex of POPE-GlcCer coexTo assess the effect of the presence of PE on the structure of
GlcCer-rich bilayers electron density calculations were performed.
Plots of relative electron density across the unit cells of bilayers of
pure GlcCer at temperatures below and above Tm are compared
with GlcCer-rich bilayer structures deconvolved from binary mixtures
with DMPE and POPE in Fig. 8. It can be seen that lipid and water layer
thicknesses both decrease on transition of bilayers of pure GlcCer
from gel to liquid-crystal structure. The bilayer structure of GlcCer
in the presence of DMPE is characterized by a signiﬁcant increase in
thickness of the water layer. The thickness of the bilayer comprised
of a complex of POPE and GlcCer, by contrast, is increased without
signiﬁcant change in water layer thickness.
The number of moles of PE/mole of GlcCer in the GlcCer-rich
structure deconvolved from binary mixtures with different molecular
species of PE has been calculated from the scattering intensity
data at temperatures of 5° above and below the Tm of the PE and
the results are summarized in Table 1. This shows that the saturated
molecular species, DLPE, DMPE and DPPE do not mix with GlcCer
at temperatures either above or below Tm of the phospholipid. By
contrast, unsaturated molecular species, including DEPE acylated
with C-18:1trans fatty acids and OPPE in which the C-18:1cis fatty
acid is located at the sn-1 position of the glycerol, all form complexes
with GlcCer. The stoichiometry of the complexes is in the order of 1.5
for PE in gel phase and 2 for PE in the ﬂuid phase per molecule of
GlcCer with the exception of SOPE where the respective proportions
of phospholipid are slightly lower. The values obtained for DMPE
were calculated from a sample that was reheated immediately afterpure GlcCer at temperatures below (68 °C, A) and above (78 °C, B) Tm. (C) GlcCer-rich
isting with ﬂuid bilayers of POPE at 37 °C.
Table 1
Mol PE per mol GlcCer in the GlcCer-rich structure phase separated in binary mixtures
of about 30 mol GlcCer/100 mol PE at temperatures of 5 °C below and above the Tm of
PE.
PE Tm (°C) mol PE/GlcCer
bTm NTm
DLPE 43 0 0
DMPEa 49 0 0.3
DPPE 64 0 0
DEPE 38 1.4 2.2
POPE 26 1.6 2.0
OPPE 36 1.4 2.1
SOPE 30 1.1 1.6
POPE-C-12GlcCerb 26 1.6 1.8
a Values obtained from a reheated sample; see Supplementary Information.
b Stoichiometry determined using the method in Fig. 6 at 21° and 31 °C, respectively.
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cause more than one lamellar structure assigned as DMPE was ob-
served after equilibration at 20 °C one of which transforms into the
other via intermediate structures that complicate calculation of scat-
tering intensities from individual peaks.
4. Discussion
The association of unsaturated molecular species of PE and GlcCer
can be deﬁned as a complex on the basis of the following criteria;
1. A lamellar repeat spacing and order within the unit cell that differs
from that of bilayers formed by either of the two lipids from which
it is formed.
2. A thermal stability that is greater than the gel to ﬂuid transition of
the PE component. The lipids dissociate at temperatures lower
than the gel to ﬂuid transition of GlcCer thereby distinguishing
complex formation from that of a compound.
3. The association between the two lipids occurs in a deﬁned molec-
ular stoichiometry between the two lipids under speciﬁed condi-
tions. The X-ray method conﬁrms that complexes are in register
on either side of the bilayer as is the PE but there is no information
on the lateral disposition of unit cells in the plane of the bilayer.
The present results differ in several important respects from the
way phosphatidylcholines interact with sphingolipids [46]. Firstly, a
stoichiometric complex is formed between saturated molecular spe-
cies of phosphatidylcholine, whereas saturated molecular species of
PE are completely phase separated from asymmetric molecular spe-
cies of GlcCer at temperatures both above and below the Tm of the
phospholipid. Secondly, the stoichiometry of the complex formed be-
tween dipalmitoylphosphatidylcholine and GlcCer is equimolar and
remains constant at temperatures spanning the gel to liquid-crystal
phase transition of the pure phospholipid. In complexes between un-
saturated molecular species of PE and GlcCer the stoichiometry clear-
ly increases on transition from gel to liquid-crystal phase. The reason
for these differences is unknown but the possibility of intermolecular
hydrogen bonding in the complexes with phosphatidylethanolamines
may be a factor. Thirdly, phosphatidylcholines are immiscible with
sphingolipids with symmetric hydrocarbon chains [47] whereas un-
saturated phosphatidylethanolamine forms a complex with glucosyl-
ceramide with an N-acyl chain length of 12 carbons.
There is evidence of complex formation of PE in cell membranes
from studies of the relative mobility of phospholipids showing that
PE and PC are subject to different diffusional constraints. Membrane
cholesterol and interaction with extracellular matrix proteins restrict
lateral diffusion rates of PC without signiﬁcantly affecting PE in sarco-
ma cell lines [48]. Constraints on the lateral motion of PE monitored
by single-molecule tracking and ﬂuorescence correlation spectrosco-
py are consistent with the formation of transient complexes of PEwithin domains of the plasma membrane of a variety of cells with pe-
riodic hopping between domains [49]. The rate of hops between do-
mains is greatly slowed by oligomerization of the PE [50] in a
manner that would be expected of complex formation between PE
and GlcCer. Complexes with ethanolamine plasmalogens and glyceryl
ether lipids are unknown but such lipids are said to play a role in as-
sembly of membrane rafts [51].
The complexes between unsaturated molecular species of PE and
glucosylceramide must be formed under physiological conditions as
the afﬁnity between the lipids can be judged by the stability of the
complexes at temperatures up to 60 °C. An indication of the afﬁnity
between the PE and GlcCer can be seen from the difference in stoichi-
ometry observed at temperatures above and below Tm of the phos-
pholipid (Table 1). The stoichiometry decreases from about 2:1, PE:
GlcCer to 1.5:1 on transition of the PE from a ﬂuid to a gel state.
This infers a weaker interaction between the lipids when the complex
coexists with ﬂuid PE structures and that transition of PE to a gel state
recruits some PE from the complex leaving only those molecules that
are more strongly interacting with GlcCer. The structure of the com-
plex has been described as a quasi-crystalline phase because of the
well-deﬁned stoichiometry of the lipids forming the complex [52].
Stable lipid matrices of this type may be regarded as necessary to
provide the speciﬁcity required to assemble protein components of
membrane rafts but would be antithetical to the dynamic characteris-
tics of trans-membrane signaling and other putative membrane raft
functions. It follows that dismantling the matrix and thereby switch-
ing off raft functions would necessarily involve biochemical reactions
such as those performed by phospholipases and glycosphingolipases.
Accordingly, processes modulating dynamic raft functions via synthe-
sis, transport and hydrolysis of component lipids would be performed
largely within the cytoplasm rather than at more remote locations
outside the cell as would be supposed for sphingomyelin-cholesterol
rafts.
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